Introduction {#Sec1}
============

Open wounds or excessive scarring arise from genetic disorders or as a result of traumatic burns or injury. Such aberrations in tissue represent a devastating source of morbidity to patients and a tremendous financial burden to the healthcare system^[@CR1]--[@CR3]^. Over 10 million people worldwide suffer from corneal blindness as a result of ocular trauma and infection^[@CR4],[@CR5]^, whereas the total annual cost for anti-scarring treatments is estimated at \$12 billion^[@CR6]^. While today's treatments including revision surgeries, generally restore structural integrity, they still struggle to overcome the natural barriers of basic wound repair process and are unable to support scarless wound healing. The promise of regenerative medicine, founded on its potential and ability to regenerate and replace tissue defects, trauma and diseases, is limited by lack of knowledge on the mechanistic basis and control between regeneration and repair. The reasons for this knowledge gap are multi-faceted, yet originating by the lack of a reliable and reproducible regenerative model, particularly for tissues with low regenerative capacities like cornea.

Tissue regeneration is a dynamic process by which damaged tissue architecture and function is restored to its normal state via cellular proliferation, differentiation, and synthesis of extracellular matrix (ECM) that matches unaffected tissue. Repair refers to a fibroproliferative response that heals damaged tissue by excessive deposition and accumulation of interstitial matrix proteins, which leads to scar formation, pathological fibrosis and loss of tissue function^[@CR7]^. Scarring is, thus, a result of a reparative wound healing mechanism, disparate from the regenerative mechanism. Besides adverse aesthetic considerations and disfigurement, extensive scarring often leads to significant loss of tissue functionality, reduced quality of life and enhanced susceptibility to infection. For example, during dysfunctional healing in the skin, uncontrolled synthesis and remodeling of ECM promotes sustained inflammation, decreases tissue elasticity and reduces the natural barrier function of skin^[@CR8]^. In the liver, fibrosis results in accumulation of toxins as the organ's ability to regenerate itself and function is impaired^[@CR9]^. In the cornea, scarring and fibrosis diminishes corneal transparency and leads to vision impairment and blindness^[@CR10]^.

The optimal outcome of wound healing process is a regenerative wound with new tissue that is indistinguishable from the surrounding tissue. However, it is often the delicate balance between regeneration and repair that defines the result and the functionality of the tissue. While the basic mechanisms underlying the highly orchestrated wound healing process are well understood, the factors and key regulatory steps underpinning the fine-tuning of this process towards regenerative or repair (or both) pathways remain unknown^[@CR11]--[@CR13]^. Our understanding of factors that direct wounds to regenerate and restore normal tissue homeostasis as opposed to progressing to a chronic inflammatory and fibrotic disorder is limited. Thus, one of the major challenges of regenerative medicine is to gain knowledge that will foster the control between regeneration and repair.

Fetal wounds have the intrinsic ability to heal with a regeneration of normal tissue structure without scarring^[@CR14],[@CR15]^. This scarless wound healing phenotype occurs across species but is age dependent^[@CR16]--[@CR23]^. An important goal of wound healing research has been to identify the cellular and molecular mechanisms that control scarless wound healing. A number of potential factors have been attributed to the scar-free regeneration of fetal wounds, including a distinct and reduced inflammatory response^[@CR24]--[@CR27]^ and a coordinated synthesis and remodeling of ECM^[@CR16]^. Ferguson and colleagues demonstrated that transforming growth factor beta 3 (TGFβ3) is a key regulator of the scarless phenotype^[@CR29]--[@CR32]^. Other studies posit that the differences between scar-free healing in fetal wounds and scar-forming healing in adult wounds is related to the ECM composition and to the cell--matrix interactions^[@CR26]--[@CR28]^.

Collagen is the main component of tissue ECM and it plays an important role in maintaining tissue function and structural integrity. Previous studies on wound healing have brought attention to quantitative aspects of the collagen and identified differences in the ratios of collagens and in the regulation of collagen synthesis between fetal and adult wounds^[@CR33]--[@CR35]^. Whilst collagen fibrillogenesis is arguably one of the most important underlying mechanisms which separate scarless fetal from fibrotic adult wound repair, the regeneration of collagen and its organization after injury may be of greater importance. The organization of collagen in scarless wounds and scars is radically different, with fibrotic connective tissues lacking an organized collagen matrix^[@CR20],[@CR36]^. The strength of a scar has also been shown to correlate with the covalent cross-linking of collagen^[@CR37]--[@CR39]^.

In the field of tissue engineering and regenerative medicine in ophthalmology, the biggest obstacle is identifying the underlying cellular and molecular mechanisms controlling regeneration versus repair. Although there are a number of clinical models that are used to evaluate the mechanisms of adult corneal wound healing, there are no models for regeneration, or recapitulation of corneal morphogenesis^[@CR40]--[@CR48]^. The chick cornea is anatomically and physiologically similar to the human cornea, characterized by a highly organized collagen network^[@CR49]^. Although the embryonic chick cornea has been widely used to study the basis for the development of a highly organized matrix, essential for optical transparency and tissue biomechanical properties, little attention has been paid to its usage as a model for corneal regeneration^[@CR50]--[@CR52]^. Our previous studies, have shown that the embryonic chick cornea possess an intrinsic potential to regulate keratocyte differentiation, to restore proper innervation and rapid ECM reconstruction leading to non-fibrous restoration of the cornea^[@CR53]^. Considering collagen remodeling and organization is fundamental in scarless wound healing, we asked if collagen architecture in regenerating embryonic chick corneas exhibit the normal collagen structure and morphology found in undamaged developing corneas.

In this study, we investigate the three-dimensional (3D) collagen architecture at various time points during scar-free wound healing in the embryonic chick cornea. We found that the collagen macrostructure in regenerated embryonic wounded corneas emulates the collagen architecture of the normal adult cornea^[@CR49]^. Taken together, these findings combined with previous studies^[@CR53]^, show that the cellular, molecular and matrix organization is efficiently recapitulated during wound healing in the embryonic chick cornea. Given the inherent difficulties in investigating fetal scarless wound healing, the embryonic chick cornea represents an excellent model to study regenerative repair. Elucidating the events and key factors that orchestrate scar-free regeneration will undoubtedly aid the development of future therapies that facilitate a healing response closer to the scarless phenotype.

Materials and methods {#Sec2}
=====================

Chick embryos {#Sec3}
-------------

Fertilized White Leghorn chick eggs were obtained from Texas A&M Poultry Center (College Station, TX, USA) and prepared according to previous protocol^[@CR54]^. All experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Rice University. All animal studies were conducted in accordance with the Association for Research in Vision and Ophthalmology statement for the use of animals for ophthalmic and vision research.

Wounding of the embryonic corneas {#Sec4}
---------------------------------

Fertilized chick eggs were incubated at 38 °C in a humidified incubator and a series of *in ovo* manipulations were carried out at embryonic day (E) 5 in order to remove the extra embryonic membranes^[@CR54]^. This facilitates exposure of the embryo and access to the right eye at E7. Corneas were wounded using a micro-dissecting knife (30° Angled Micro-Dissecting Knife; Fine Science Tools, Foster City, CA) as previously described^[@CR53]^. Briefly, an incision that traversed the corneal epithelium, basement membrane and anterior stroma was made across the diameter of the cornea (Fig. [1](#Fig1){ref-type="fig"}A). Such linear wounds widen to approximately one third of the corneal surface as the developing eye increases in size^[@CR53]^. Three drops of Ringer's solution containing penicillin (50 U/mL) and streptomycin (50 µg/mL) were added to embryos following wounding, and the eggs were sealed and re-incubated to obtain corneas at desired stages of wound healing. The left unwounded corneas served as control for each of the wounded corneas.Figure 1Wounding of the cornea and imaging orientation. (**A**) Schematic representation of the corneal wound. At E7, a linear incision was made traversing the corneal epithelium and anterior stroma. (**B**) The corneal wound widens as the eye grows through normal development. En face imaging of cornea was carried out from the epithelium layer towards the endothelium layer and focus datasets were obtained. Corneal cross sections were also taken and imaged through the entire tissue. The wound regions and respective nomenclature are illustrated. epi, epithelium layer; st, stroma; en, endothelium layer.

Corneal tissue preparation {#Sec5}
--------------------------

Embryos with wounded corneas were collected at 3, 5, 8, 9, 10 and 11 days post wounding (dpw). Following decapitation, eyes were collected in Ringer's solution and fixed overnight in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS), pH 7.2. Corneas were dissected from the surrounding scleral tissue, mounted on glass coverslips with 50% glycerol in PBS (v/v) and imaged en face for whole-mount imaging. For cross-section imaging, corneas were embedded in 10% low melting point agarose (NuSieve GTG; Lonza, Rockland, ME, USA) as previously described^[@CR52]^. A schematic representation of the wounded embryonic cornea, the tissue orientation, and imaging approaches is illustrated in Fig. [1](#Fig1){ref-type="fig"}. Tissue sections of approximately 300 µm thick were cut using a vibratome (Campden Instruments Ltd.) and imaged. The wounded corneas were grouped according to the different phases of the wound healing process; early (3--5 dpw), mid (8--9 dpw) and late (10--11 dpw) healing. At least three wounded and unwounded (control) corneas were analyzed in each group.

Second harmonic generation (SHG) microscopy {#Sec6}
-------------------------------------------

Second harmonic generation (SHG) microscopy was used to investigate the 3D organization of collagen fibrils in the wounded embryonic corneal stroma. Whole-mount and vibratome sections were imaged on a Zeiss LSM 510 (LSM 510; Carl Zeiss Inc, Thornwood, NY, USA) and a Chameleon femtosecond laser (Chameleon, Coherent Incorporated, Santa Clara, CA, USA) tuned to 820 nm. Forward and backward scattered signals were acquired using the transmitted light detector with a 430 SP filter and a band pass filter, 390/465, respectively. The samples were imaged from the epithelial surface towards the endothelial surface, using a 2 µm z-axis step size intervals to generate 3D stacks, at a resolution of 512 × 512 pixels per image and with a lateral resolution of 0.44 µm per pixel. All settings were kept constant throughout the experiments.

Fast Fourier transform (FFT) analysis and 3D reconstruction {#Sec7}
-----------------------------------------------------------

Collagen orientation was assessed by Fast Fourier Transform (FFT) analysis, which displays the predominant direction of collagen^[@CR55]--[@CR58]^. For each image plane, the FFT was generated, assembled together into a new dataset, and manually segmented. 3D reconstructed models (Figs. [2](#Fig2){ref-type="fig"}B, [5](#Fig5){ref-type="fig"}E,E′, [6](#Fig6){ref-type="fig"}B) were generated using Amira 6.4 image analysis software (Thermo Fisher Scientific, UK; <https://www.thermofisher.com/co/en/home/industrial/electron-microscopy/electron-microscopy-instruments-workflow-solutions/3d-visualization-analysis-software/amira-life-sciences-biomedical.html>).Figure 2The collagen macrostructure of the chick corneal stroma is characterized by an orthogonal/rotated collagen fibril pattern. (**A**) En face SHG images taken from the epithelium layer towards the endothelium layer of E16 chick corneal stroma. The striking orthogonal/rotated collagen organization is illustrated between 10 and 40 µm depths. The respective FFT analysis of the collagen orientation are shown (insets). (**B**) Manually segmented stack of 2D FFT for the collagen throughout the corneal stroma at E16. (**C**) Cross-sectional SHG imaging of the E16 embryonic chick cornea. SHG signals are detected when collagen is aligned along the imaging plane and appear as bands (arrowheads), while collagen lamellae running "out of plane" display a weak SHG signal (asterisks). epi, Epithelium layer; st, stroma; en, Endothelium layer. Scale bars: A = 50 µm; B = 100 µm.

Results {#Sec8}
=======

Irregular corneal stromal collagen fiber organization during the early phase of wound healing {#Sec9}
---------------------------------------------------------------------------------------------

In our previous study, we demonstrated that embryonic wounded corneas display nonfibrotic regeneration by exhibiting minimal keratocyte activation, rapid matrix regeneration and complete innervation^[@CR53]^. Since collagen synthesis and subsequent organization of collagen fibers highly influence the fate of the healing wounds^[@CR58]--[@CR61]^, we hypothesized that the wounded embryonic corneas recapitulate the normal stromal collagen architecture.

The chick corneal stroma is built upon a remarkable collagen orthogonal/rotation paradigm^[@CR49],[@CR52]^. In particular, it is composed of orthogonally aligned collagen which displays a characteristic angular displacement (rotation) through the anterior-mid stroma^[@CR49],[@CR52]^. Here, we used SHG microscopy to examine the 3D collagen architecture in wounded embryonic corneas as the intrinsic nature of SHG imaging allows specific visualization of collagen and thus, precise measurement of its orientation^[@CR62],[@CR63]^. This is more clearly shown in Fig. [2](#Fig2){ref-type="fig"}, which demonstrates stromal collagen organization at E16 using SHG microscopy. The orthogonal organization of collagen with angular displacement in the lamellar orientations at 10 µm and 40 µm depth is shown in en face SHG imaging (Fig. [2](#Fig2){ref-type="fig"}A). Segmentation and 3D rendering of the 2D FFT stack of collagen demonstrates the predominant collagen orientation throughout the corneal stroma (Fig. [2](#Fig2){ref-type="fig"}B). Each spoke illustrates the predominant orientation of each lamellae within that plane, while the chiral pattern highlights the angular displacement of collagen within the corneal stroma. SHG signal within cornea cross-sections is only detected when the collagen lamellae are aligned along the imaging plane (Fig. [2](#Fig2){ref-type="fig"}C, arrowheads). Therefore, regions within cornea cross-sections with low SHG signal indicate collagen fiber orientation that is rotated out of the imaging plane (Fig. [2](#Fig2){ref-type="fig"}C, asterisks). Because the collagen lamellae in the chick corneal stroma are orthogonal and display an angular displacement, longitudinally sectioned collagen fibers within corneas show a predominant banded SHG signal (Fig. [2](#Fig2){ref-type="fig"}C, arrowheads), while orthogonally arranged lamealle show a weak SHG signal (Fig. [2](#Fig2){ref-type="fig"}C, asterisks).

Our previous investigations into the collagen fibril macrostructure during chick corneal development indicated that the complex collagen organization observed in adult corneas begins at E10, evident by the deposition of rotated collagen in the anterior stroma^[@CR52]^. During development, the collagen lamellae display increased angular displacement at a greater level of stromal depth, resulting in two banded SHG signal patterns when viewed in cross-section. In our initial experiments, we wanted to determine how the corneal wounds altered the stroma by examining the 3D organization of collagen during early stages of wound healing (3--5 dpw; n = 4) by SHG microscopy. At 3 dpw, we observed a thin irregular collagen network in the central and mid-central stromal regions of the wound (Fig. [3](#Fig3){ref-type="fig"}A), which was strikingly different from the single banded SHG collagen signal of the stage-matched control (Fig. [3](#Fig3){ref-type="fig"}B, arrowhead). Surprisingly, we also observed that the irregular collagen network extended into the unwounded peripheral region of the cornea (Fig. [3](#Fig3){ref-type="fig"}A, asterisk). Cross-sectional SHG imaging did not display any banded SHG signal pattern, supporting the premise that at 3 dpw the collagen lamellae in the wound and surrounding regions show no angular displacement. Irregularly arranged collagen fibers were also observed in the stroma of the wounded cornea at 5 dpw, but they appeared bigger than those observed at 3 dpw (Fig. [3](#Fig3){ref-type="fig"}C, Supplementary Video [1](#MOESM2){ref-type="media"}). Unlike 3 dpw wounds, organization of collagen fibers in the periphery of 5 dpw wounds were similar to the two bands of SHG signal in stage-matched control, which denotes angular displacement of collagen^[@CR49],[@CR52]^. In addition, contrary to control where the SHG bands appeared closer together in the anterior stroma, the second band appeared much deeper in the stroma of the wounded cornea (Fig. [3](#Fig3){ref-type="fig"}D, arrowheads). In the mid wound healing phase (8--9 dpw; n = 3), we observed disrupted collagen fiber organization in the region immediately adjacent to the corneal epithelium (Fig. [3](#Fig3){ref-type="fig"}E, asterisk). However, towards the periphery of the wound, the collagen fibers became integrated into the normal collagen bundles (Fig. [3](#Fig3){ref-type="fig"}E, arrowheads). Two SHG bands were detected in the stroma of both the wounded and stage-matched control corneas (Fig. [3](#Fig3){ref-type="fig"}E,F, arrowheads), indicating similar angular displacement of collagen. Nevertheless, the second SHG band in the wounded cornea was in the posterior stroma, opposed to the mid stroma localization in the control cornea. This finding indicates that while there are some stromal regions with disrupted collagen fibers, overall, the corneal stroma at 9 dpw is characterized by a rotational collagen lamellar organization. At the late wound healing phase (10--11 dpw; n = 3), no fragmentation or disorganization of collagen was observed. Instead, sections of 10 dpw, showed two SHG signal bands within the corneal stroma, similar to the stage-matched controls (Fig. [3](#Fig3){ref-type="fig"}G,H, arrowheads). This pattern is consistent with the complex structural organization of collagen, consisting of orthogonal lamellae with an angular displacement, in the anterior-mid stroma. Combined, our results indicate that the disrupted organization of collagen fibers in the wound re-organize during wound healing until the collagen macrostructure in the corneal stroma recapitulates the normal collagen architecture.Figure 3Normal collagen tissue architecture is achieved following embryonic corneal wound healing. SHG imaging of corneal cross-sections at different days post wounding (3--10 dpw) and stage-matched controls (E10--E17). (**A**) At 3 dpw, small, loosely arranged collagen fiber formation in the wounded cornea is evident during the early phase of wound healing. The irregular collagen network extended into the unwounded peripheral corneal region (**A**, asterisk). No banded SHG collagen signal is apparent indicating that the collagen layers show no angular displacement. (**B**) During normal corneal development, the angular displacement of collagen begins on E10, noted by the appearance of one band SHG signal pattern in the anterior stroma (**B**, arrowhead). (**C**, **D**) At 5 dpw, while SHG imaging did not reveal any banded SHG signal pattern at the central wounded area, the periphery of the wound displays the normal banded SHG signal pattern (**C**, arrowheads). The stage matched control showed increased angular displacement of collagen that resulted in the appearance of two banded SHG signal patterns (**D**, arrowheads). (**E**, **F**) At 9 dpw, irregular collagen network is evident in the wound region just below the corneal epithelium (**E**, asterisk). Nevertheless, two banded SHG signal patterns are evident highlighting a greater angular displacement of the collagen that are similar to stage-matched control (**E**, **F**, arrowheads). (**G**, **H**) At 10 dpw, the two banded SHG signal patterns extend throughout the corneal stroma (**G**, arrowheads), similar with the stage-matched control (**H**, arrowheads). The wound regions and corneal parts are illustrated: C, central wounded cornea; MC, mid-central wounded cornea; P, peripheral cornea; epi, epithelium layer; st, stroma; en, Endothelium layer. Scale bar: 100 µm.

Transition from random to uniaxial and biaxial collagen organization during corneal wound healing {#Sec10}
-------------------------------------------------------------------------------------------------

To further examine the collagen organization during embryonic corneal wound healing, we took through-focus SHG image stacks extending from the epithelial layer towards the endothelial layer. SHG signals taken en face enable the detection of the major orientation of the collagen based on imaging of the directionality of each layer in combination with the FFT analysis^[@CR55]--[@CR58]^.

Re-epithelialization of the embryonic corneal wounds begins after 5 dpw, and it is followed by re-establishment of normal staining patterns of stromal ECM proteins in the wound region^[@CR53]^. To determine whether the organization of collagen fibers followed a similar pattern during wound healing, we analyzed their arrangement between 8 and 9 dpw (n = 3). By 8 dpw, the network of collagen fibers in the wounded area was drastically different from that observed during the early time points of wound healing. While a small degree of randomness and irregularity was observed in the central wound area, the network of collagen fibers was mostly unidirectional at different stromal depths (Fig. [4](#Fig4){ref-type="fig"}A--C, white arrowheads) (Supplementary Video [2](#MOESM3){ref-type="media"}). This pattern of organization suggests that the collagen fibers bridge the wound cleft. Occasionally, thin longitudinally oriented collagen fibers were observed in the central wound bed (Fig. [4](#Fig4){ref-type="fig"}A--C, red arrowheads). At the mid-central region of the wound, the SHG signal appeared stronger for the collagen oriented across the wound than along the wound (Fig. [4](#Fig4){ref-type="fig"}D--F, Supplementary Video [3](#MOESM4){ref-type="media"}). In the unwounded peripheral region, we observed collagen architecture with the characteristic orthogonal/rotated organization (Fig. [4](#Fig4){ref-type="fig"}G--I), reminiscent of the stage-matched control at E15 (Fig. [4](#Fig4){ref-type="fig"}A′--C′, Supplementary Video [4](#MOESM5){ref-type="media"}). At 9 dpw, the collagen fiber network in the wound changed from uniaxial into biaxial orientation. The anterior stromal region, adjacent to the overlying epithelium, at the central corneal wound, was characterized by an irregular collagen network as shown by the en face, SHG images and their corresponding FFT analysis (Fig. [5](#Fig5){ref-type="fig"}A,B,E Supplementary Video [5](#MOESM6){ref-type="media"}). Interestingly, below this region, the collagen fiber network was biaxially oriented and displayed an orthogonal lamellar orientation (Fig. [5](#Fig5){ref-type="fig"}C--E), corresponding to that of stage-matched control (Fig. [5](#Fig5){ref-type="fig"}A′--E′, Supplementary Video [6](#MOESM7){ref-type="media"}).Figure 4Orientation of collagen fibers bridging the corneal stroma wound cleft at 8 dpw. En face SHG images of collagen macrostructure in the central area of the wounded corneal stroma taken at successive lamellar planes, progressing from the epithelium towards the endothelium. (**A**--**C**) At the wound center, transversely (white arrowheads) and longitudinally oriented collagen fibers (red arrowheads) bridge the wound cleft, denoted by the dotted lines, at different depths of the stroma. (**D**--**F**) The mid-central wound region consists of higher density of collagen fibers compared to the central region. (**G**--**I**) The peripheral wound region is composed of normal orthogonal layers of collagen displaying a gradual angular displacement, similar to stage-matched control (**A**′--**C**′). The corresponding FFT analysis of collagen at the interface is also shown (insets). epi, epithelium layer; st, stroma; en, endothelium layer; C: central wounded cornea, MC: mid-central wounded cornea, P: peripheral cornea. Scale bar: 50 µm.Figure 5Arrangement of collagen fibers into bundles and development of angular displacement at the central wound area at 9 dpw. (**A**--**D**) En face SHG imaging microscopy and respective FFT analysis of the central wound and (**A**′--**D**′) stage-matched control at different depths of the corneal stroma, progressing from the epithelium towards the endothelium. (**E**, **E**′) 3D segmentation of 2D FFT image stacks of collagen organization throughout the corneal stroma at 9 dpw and stage-matched control. (**A**, **B**, **E**) Disorganized collagen is evident in the anterior region of the wound, below the epithelium. (**C**--**E**) In the mid-posterior wound, small bundles of collagen fibers are orthogonally arranged. The collagen lamellae at the wound region begin to develop an angular displacement. Scale bar: 50 µm.

Orthogonal collagen architecture with an angular displacement in re-epithelialized embryonic corneal wounds {#Sec11}
-----------------------------------------------------------------------------------------------------------

Previously, we showed that wounded embryonic corneas are fully re-epithelialized and showed no apparent fibrosis by 11 dpw^[@CR53]^. To determine whether the collagen organization returned to normal following re-epithelialization of wounded embryonic corneas, we performed SHG analysis on 10 and 11 dpw corneas (n = 3) that were fully re-epithelialized. At 10 dpw, the collagen orientation is orthogonal through the entire stroma and displays an angular displacement between adjacent lamellae, suggesting normal remodeling of collagen fiber organization associated with stromal regeneration (Fig. [6](#Fig6){ref-type="fig"}). In agreement with this finding, an orthogonal/rotated collagen fibril structural paradigm throughout the corneal stroma was also observed at 11 dpw, reminiscent of the stage-matched control at E18, indicating that during the remodeling phase of wound healing, the collagen fibers were organized in a manner to mimic normal collagen tissue architecture (Supplementary Figure [1](#MOESM1){ref-type="media"}, Supplementary Videos [7](#MOESM8){ref-type="media"} and [8](#MOESM9){ref-type="media"}).Figure 6Recapitulation of the normal collagen architecture in the corneal stroma of the wound region at 10 dpw. (**A**) En face SHG images and corresponding FFT analysis (insets) of the central wound area, taken at different depths in the corneal stroma, progressing from the epithelium layer towards the endothelium layer. Bundles of collagen fibers are orthogonally organized and show an angular displacement in the anterior-mid stroma, similar with the stage-matched control. (**B**) Manually segmented stacks of 2D FFT of collagen corneal stromal organization at 10 dpw and stage-matched control. Scale bar: 50 µm.

In our recent developmental studies of the embryonic chick cornea, a detailed analysis of collagen angular displacement from E8 to E19 showed that the angular displacement between adjacent collagen lamellae begins to first appear on E10 and gradually increases with development, showing about 193.4° by E19^[@CR52]^. To better define the angular displacement of collagen and to obtain an additional quantitative measure of the level of collagen organization throughout the corneal stroma, we calculated the angular displacement in fiber directionality between adjacent lamellae at the different phase of the wound healing process. Table [1](#Tab1){ref-type="table"} presents the lamellar orthogonality, the degree of collagen angular displacement during the mid and late corneal wound healing phases, as well as the percentage of the rotated stroma over total stromal thickness during corneal development. No angular displacement of collagen fibers was evident at 8 dpw. The first collagen angular displacement between adjacent lamellae in the anterior stroma was observed at 9 dpw and averaged 39.41 ± 26.62°. From 9 to 11 dpw, a gradual increase in the amount of collagen angular displacement was noted; so that by 11 dpw the collagen fibers showed an angular displacement of 103.16 ± 19.21°. While the collagen angular displacement is slightly less than that measured for normal embryonic corneas in our previous studies, a similar collagen angular displacement between control and wounded eyes was observed. The reduced rotation in the current study might be due to environmental changes as a result of the embryonic manipulations required for exposing the E7 embryos in ovo. Nevertheless, the percentage of rotated stroma over the total stromal thickness increases as the cornea heals and is similar between wounded and control (71.80 ± 2.98% depth). Taken together, our results show that the organization of collagen fibers in the center of the healed wounds and throughout the corneal stroma recapitulate the normal collagen macrostructure of stage-matched unwounded corneas.Table 1Lamellar orthogonality, degree of collagen angular displacement and the percentage of rotated stroma over total stromal thickness in wounded embryonic chick corneal stroma at the mid and late wound healing phases (8--11 dpw).Orthogonality ± SE (°)Angular displacement ± SE (°)% Rotated stroma over total corneal stromal thickness ± SE**Wounded embryonic corneas**Mid wound healing period (n = 3)85.13 ± 2.5339.41 ± 26.6253.48 ± 4.59Late wound healing period (n = 3)88.13 ± 0.21103.16 ± 19.2171.798 ± 2.982

Discussion {#Sec12}
==========

Compromised wound healing, including chronic wounds, represent a substantial burden on patients and the health system^[@CR1]--[@CR3]^. The balance between regeneration and tissue repair is detrimental for the restoration of tissue architecture and function after injury. Although tissue repair may restore the damaged tissue and prevent infection, it may also result in scar formation and other structural abnormalities that impair organ function. In the cornea, damage or infection often leads to fibrotic scarring, loss of transparency, and ultimately blindness^[@CR4],[@CR5]^. Despite the increased knowledge of the biology of wound healing cascade in adult corneas^[@CR39]--[@CR41],[@CR45],[@CR46],[@CR64]--[@CR70]^ and other tissues^[@CR18],[@CR24],[@CR36]^, the underlying mechanisms and factors modulating the healing response in a manner favorable to regeneration have yet to be fully elucidated. The lack of sufficient regenerative models in tissues and organs with limited or no regeneration capacity, like cornea, is one of the biggest obstacles in regenerative medicine and tissue engineering.

The remarkable regenerative capacity of embryonic tissues has led to the identification of key players involved in scar-free healing^[@CR16]--[@CR19],[@CR25],[@CR30]--[@CR33]^. The extent to which collagen synthesis, deposition, and organization takes place during wound healing highly influences the outcome and the severity of scar tissue formation^[@CR20],[@CR23],[@CR34]--[@CR39]^. Our previous studies showed that the embryonic chick cornea exhibits a nonfibrotic regeneration phenotype^[@CR53]^. Thus, we sought to determine if the structural organization of collagen in regenerating embryonic chick corneas matches the native collagen tissue architecture. To address this, we evaluated the organization of collagen fibers in the wounded embryonic corneas at different time points following injury.

To our knowledge, we report for the first time, that the collagen macrostructure of the healed embryonic chick corneal wounds recapitulates the collagen architecture of late-stage embryonic corneas. Most importantly, these data establish the embryonic chick cornea as a valuable regeneration model and as a potential means for uncovering key factors that impact tissue regeneration over tissue repair and scar formation.

During the early phase of the wound healing response, thin collagen fibers that lack any organization were observed at the central and mid-central wound regions. This irregular network of thin collagen fibers is likely associated with the first phase of wound healing, where fibroblasts proliferate and migrate into the wound area and secrete de novo ECM, including collagen^[@CR59]^. According to previous studies, the deposition of a loosely, irregular collagen network can be associated to the random organization of myofibroblasts that migrate on top of the wound bed^[@CR70]^. Additionally, in evaluating the collagen content during wound healing, previous studies showed a high ratio of collagen III to total collagen in the interfibrillar space within the matrix, at the early stage of wound healing^[@CR33]--[@CR35]^. Based on this observation, it is possible that deposition of collagen III may lead to a loose thin disorganized collagen network similar to the arrangement noted during the early stages of wound healing in this study. Taking into account that collagen fibers are the primary load-bearing components of connective tissues, the presence of a thick irregular collagen network may also be associated with the mechanical properties of the wounded tissue, particularly, the low values of tensile strength during the early days, consistent with previous studies^[@CR58],[@CR59]^.

Our results also indicate that as the synthesis and deposition of collagen increased, the orientation pattern of collagen fibers in the wounded corneal stroma drastically changed. Initially, the thin, irregular fibers were organized into a uniaxial collagen network bridging the wound cleft, likely correlating with wound contraction as measured by the reduction in wound gap at this time point during wound healing^[@CR53]^. The preferential uniaxial orientation of collagen fibers across the short axis of the wound suggest that the collagen organization during healing may influence and play an important role in wound contraction. Thus, the collagen fibers may act as a bridge between the wound edges and provide resistance to tensile force. This notion is supported by previous studies which demonstrated that the arrangement of actin microfilament bundles by myofibroblasts oriented across the short axis of the wound provide the force necessary to contract the wound^[@CR69],[@CR71],[@CR72]^. Taken together, these findings suggest that cell--matrix interactions, cell contractility, and possibly other internal and external forces in the wound region, may contribute to healing by inducing wound contraction.

In later stages of the cornea remodeling and regeneration, the macrostructure of collagen in the wound is characterized as a biaxial network, with collagen lamellae orthogonally oriented in the wound area. It should be noted that at this point, collagen lamellae are more compact and also begin to display angular displacement at the posterior region of the wound. This orthogonal collagen architecture is thought to guide and orient the newly deposited collagen. Since the mechanical strength of the wound develops with increasing time post wounding^[@CR59],[@CR60]^, it is possible that remodeling and organization of collagen, along with levels of crosslinking and other molecules in the ECM at the wound, may additionally define the biomechanical properties of regenerating corneas. In support of this concept, the development of collagen angular displacement at the wound plays a critical role in controlling mechanical stiffness, as illustrated by our previous studies of the macrostructure of collagen in the chick corneal stroma^[@CR49],[@CR52]^.

By 10 dpw, the organization of collagen lamellae detected throughout the regenerative region resembles that of normal unwounded corneal stroma. Collagen plays a fundamental role in defining the structure, function and biomechanical properties of the cornea^[@CR49]^. The orthogonally organized collagen with the characteristic angular displacement of the lamellae at the anterior-mid stroma are likely involved in restoring the strength, integrity, and function of the repaired tissue^[@CR73]--[@CR75]^. Stromal cells have been frequently noted to influence collagen orientation^[@CR76]--[@CR81]^ and they are likely to also influence collagen remodeling during wound healing. It should be further noted that other ECM proteins including fibronectin, tenascin, and perlecan, are equally remodeled during the restoration of normal tissue architecture^[@CR53]^. In support of this statement, Kivanany et al. recently reported the importance of cell-ECM mechanical interactions in aligned collagen deposition and organization during corneal wound healing^[@CR70]^.

Despite our inability to distinguish between the native collagen from new collagen secreted post wounding, we uncovered important new insights into the 3D spatial and temporal organization of collagen during wound healing. Our results showed that the collagenous fibrillar matrix appeared to be initially organized at the mid-central wound region, then subsequently to the central wound. As the healing process takes place, collagen remodels into a normal orthogonal/rotated pattern extended from the posterior to the anterior central wound area. This further advocates that the ECM patterning and organization during the important phases of remodeling and regeneration of the healing cascade may contribute to scar-free, nonfibrotic regeneration of wounded embryonic corneas. This patterning of collagen matrix remodeling suggests an interdigitation of collagen fibers in the wound region and the surrounding tissue, which may crucially affect the wound strength and subsequent nonfibrotic wound healing. This is in agreement with previous studies which demonstrated the effects of chemoattractant gradients on fibroblasts and collagen reorientation during dermal wound healing^[@CR82]--[@CR86]^.

Tissue homeostasis and wound healing are intrinsically linked to the tissue's structure and biomechanical properties^[@CR87]^. In a clinical setting, the corneal biomechanical properties have been frequently noted to play a critical role in the wound healing following corneal refractive surgery and subsequently influence the predictability and visual outcomes^[@CR88],[@CR89]^. Given that depth-dependent structural differences within the corneal stroma correspond to different biomechanical properties^[@CR90]--[@CR93]^, variations in the wound healing response among deeper wounds should also be reflected. Our data evaluating perforated corneas at 8 dpw revealed excessive accumulation of irregular collagen fibers throughout the corneal stroma, with occasional areas devoid of any collagen (Supplementary Figure [2](#MOESM1){ref-type="media"}, Supplementary Video [9](#MOESM10){ref-type="media"}), characteristic of fibrotic tissue deposition^[@CR64]^. SHG imaging of fibrotic corneal wounds indicated that the disorganized fibrotic collagen fibers were interspaced with clusters of cells (Supplementary Figure [2](#MOESM1){ref-type="media"}, Supplementary Video [9](#MOESM10){ref-type="media"}), which are not observed in the sparsely populated stroma of normal corneas^[@CR49]^. This advocates that under fibrotic conditions, and specifically, following corneal perforation the regenerative capacity of the embryonic cornea is lost. Hence, more comprehensive insight into the importance of wound size and depth in determining healing outcomes is needed to develop potential wound healing therapies. Furthermore, it is not yet known how the topography of the wound may impact the underlying cellular and biological activity and final healing outcome. Although biophysical and topographical cues have been increasingly recognized as key players modulating the biochemical signaling patterns associated with cell differentiation, secretion, and organization of ECM may also be involved^[@CR94]--[@CR96]^.

A prominent challenge in regenerative medicine is to improve wound healing repair and regeneration in adults. Research using animal model systems promises to pave the way towards more efficient and effective clinical treatments that will entice the healing and regenerative capacity of human tissues^[@CR97]--[@CR99]^. Embryos disclose the way to efficient repair, and the chick cornea represents an opportune model system in which the transition from fetal research to regenerative healing may be revealed^[@CR97]--[@CR99]^. It is important to keep in mind that despite the potential of this system to provide valuable information on the molecular and cellular mechanisms that permit scar-free wound healing, there are several differences between fetal and adult wound healing^[@CR100]^ that need to be fully exploited. It is likely that tissue damage in the embryo entices repair that recapitulates morphogenesis, and the embryonic wound represents a unique milieu with distinct morphogenetic signals that are absent during adult tissue repair^[@CR100]^. This concept is strengthened by recent developmental studies in zebrafish and mouse which showed that molecular cues that govern cell migration during inflammation are essential for the normal migration of germ cells^[@CR101]--[@CR103]^. One emphasis of future research using this model system are comparative studies between different wound healing and regeneration competence, as well as comparing healing and regeneration during embryogenesis and postnatal development. Previous studies indicated that injured adult chick corneas displayed stereotypical wound healing responses, like epithelial regeneration, neuronal re-innervation, cell proliferation and secretion of ECM molecules involved in healing^[@CR50]^. In addition, the adult chick cornea was identified as an outstanding animal model to study the wound healing cascade following refractive surgery^[@CR104]^. Nonetheless, there is a lack of information regarding collagen regeneration and organization following corneal wound healing in the adult chick cornea, and thus further investigations are needed to address these gaps in the field of tissue regeneration and repair. A detailed understanding of wound healing during development and maturation will provide a perceptive of how to better control the tissue's healing and regenerative capacity.

In conclusion, the present study reports a novel finding that chick embryonic wound healing has the ability to fully recapitulate the normal 3D collagen architecture of the cornea. Given the inherent difficulties of other embryonic wound healing models, in terms of high rates of mortality and premature uterine contraction during fetal surgery, the embryonic chick cornea is an excellent and reproducible model which can serve as the primer for understanding the mechanisms controlling tissue regeneration versus repair. In addition, a detailed morphologic description of chick corneal development is already established, which allows for direct comparison with regenerating corneas. Our previous work showed that the chick corneal embryonic wounds undergo rapid regeneration leading to nonfibrotic restoration of the cornea, and therefore can serve as a model of efficient collagen synthesis and remodeling during corneal regeneration. Future investigations should be aimed at elucidating the impact of wound size, depth and location, as well as the cell--matrix interactions on the healing process. Clearly understanding the biomechanical, cellular and molecular factors that control regeneration versus repair has both clinical and scientific implications as it can lead to development of novel therapeutics, in a market of high and unmet medical need.

Supplementary information
=========================

 {#Sec13}

Supplementary Figures.Supplementary Video 1.Supplementary Video 2.Supplementary Video 3.Supplementary Video 4.Supplementary Video 5.Supplementary Video 6.Supplementary Video 7.Supplementary Video 8.Supplementary Video 9.

**Publisher\'s note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Supplementary information
=========================

is available for this paper at 10.1038/s41598-020-70658-y.

Supported by the Biotechnology and Biological Sciences Research Council Grant---BBSRC Grant, BBSRC BB/M025349/1 (AJQ), the NIH NEI EY024600 (JVJ), EY027048 (PYL), T32 EY710220 (JS), and Research to Prevent Blindness, Inc. The Skirball Program in Molecular Ophthalmology. The authors would like to thank Yilu Xie for their support with this project.

P.L. and J.V.J. conceived and supervised the research project. E.K., J.S., and A.B. performed the experiments and the data analysis. P.L., J.V.J. and A.J.Q. provided personnel, environmental and financial support. All authors read, reviewed and approved the manuscript.

The authors declare no competing interests.
